1. Enzymes, proteins, glycoproteins and lipids ofrodent bile were compared with those ofa plasma-membrane subfraction originating from the hepatocyte bile-canalicular membrane. 2. Three bile-canalicular glycoprotein enzyme activities were detected in bile.
Despite intensive characterization of the major bile components in health and disease, little is known about the mechanism of formation of bile by hepatocytes, and its release across the bile canalicular plasma membrane into the canaliculi that unite to form the bile ductules (Hofmann & Small, 1967; Small, 1970; Coleman, 1973) . The major components of mammalian bile are the bile salts, phospholipids, cholesterol, bilirubin and electrolytes and although these have received detailed study, relatively little attention has been given to proteins and glycoproteins that are present in bile in low amounts. Bile salts and pigments are synthesized on the hepatocyte smooth-endoplasmic-reticular membranes (Mendelsohn et al., 1966; Schmid, 1972) , but the immediate origin of bile lipids and proteins is not known. One possibility, suggested by Small (1970) , is that the membranesolubilizing properties of bile salts (e.g. see Helenius & Simons, 1975) , may account for the presence in bile of lipids and proteins by virtue of their action in solubilizing the canalicular membrane during bile secretion. This possibility is now examined experimentally by comparing directly the composition of bile and a plasma membrane subfraction shown to originate from this small specialized area of the hepatocyte surface. The bile canalicular plasmamembrane subfraction contained characteristically high specific activities ofa range ofhydrolytic enzymes (Wisher & Evans, 1975) in agreement with histochemical studies (e.g. see Wachstein & Meisel, 1957; Essner et al., 1958; Sierakowska et al., 1963) . In addition, some of these enzymes were shown to be ectoenzymes, positioned at the outer boundary of the plasma membrane (Trams & Lauter, 1974; De Pierre & Kamovsky, 1974; Gurd & Evans, 1974; Evans, 1974 (Evans, 1970) . The 'light' and 'heavy' plasma-x membrane constituent subfractions were separated E v -by sucrose-density-gradient centrifugation (Evans, cooo0 1970 ) and the 'light' subfraction, now identified as 0 , deriving from the bile-canalicular face of the hepato-o cyte surface (Wisher & Evans, 1975) , was used in the D current studies. Liver blood-sinusoidal plasma mem-.. __ branes were isolated from a microsomal fraction -( Wisher & Evans, 1975 described (Wisher & Evans, 1975 (Wisher & Evans, 1975) . Polypeptide bands, stained with Coomassie Blue, and glycoprotein bands, identified by the Schiff-periodate method, were traced by densitometry (Evans & Gurd, 1973) .
Lipid analyses Lipids were extracted from membranes or bile as described by Folch et al. (1957) ; in the latter case, 0.1 M-NH3 was included in the upper phase to remove bile acids. Lipid extracts, concentrated by rotary evaporation, were separated by t.l.c. on 20cm x 20cm silica-gel plates (Merck, Darmstadt, West Germany), which were developed with two solvents in succession: (a) chloroform/methanol/acetic acid/water (60:35:2:2, by vol.) for 10cm, followed, after air.. drying, by (b) light petroleum (b.p. 40-600C)/diethyl ether/acetic acid (85:15:2, by vol.) for 5cm. Developed plates were sprayed with 5 % (w/v) phosphomolybdicacid inHC104(10%, w/v)/ethanol (1 :1,v/v). Colour development occurred after heating at 1000C for exactly IOmin. The position of lipid bands was checked by running the appropriate standards. Plates were scanned by using a Joyce-Loebl densitometer, model E12, mark 3b. The amounts of the phospholipids were measured by cutting out and weighing the peak areas on the scanning paper. It was shown by direct photodensitometric scanning that the intensity of the phospholipid spots was proportional to the amount of various phospholipids present in the fractions (Christiensen-Lou etal., 1965; Christiensen-Lou & Clausen, 1967; Neskovic, 1967; Blond etal., 1971 ).
Immunochemical analyses
Immunodiffusion was carried out in 1% agar (Oxoid, London SEI 9HF, U.K.) dissolved in 0.05M-sodium barbital buffer, pH8.5, containing 1 % sodium deoxycholate (Ouchterlony, 1953) . Antisera were raised in rabbits to mouse and rat albumin [Signa (London) Ltd.] and mouse liver plasma membranes, as described previously (Gurd et al., 1972) .
Results

Enzymic relationships between bile and a bile-canalicular plasma-membrane subfraction
To assess the extent of release into bile of hepatir enzymes, attention was confined to three categories of membrane-bound enzymes. Three plasma-membrane enzymes found at highest activities at the bilecanalicular face of the hepatocyte (Essner et al., 1958; Wisher & Evans, 1975) were-measured in bile, serum and a bile-canalicular plasma-membrane subfraction (Table 1) . 5'-Nucleotidase, alkaline phosphodiesterase and leucine naphthylamidase were found to be present in bile and also in serum at similar activities. Similar values for rat bile were reported by Holdsworth & Coleman (1975) . Despite the low protein content of rat and mouse bile, the specific activities of these enzymes were low in comparison with those of the bile-canalicular membranes. The results thus suggest that the loss of these enzymes from the membranes into bile is limited. In comparing the enzyme activities of bile and serum, due regard should also be given to the rates of hepatic blood flow and bile secretion, the decreased surface area of the bile-canalicular face compared with the blood sinu- Table 2 . 5'-Nucleotidase ntd alkaline phosphodiesterase activities ofmouse bile, a bile-canalicular plasma-membranefraction and the enzymespurifiedfrom plasma membranes as a function ofpH Values for the purified 5'-nucleotidase are quoted from Evans & Gurd (1973) (Oda et al., 1974) , and the variable contribution of non-hepatic cells to serum enzyme activities.
Steps were taken to demonstrate functional identity between membrane-bound and bile activities, especially with 5'-nucleotidase, since Itoh et al. (1968) and Fritzson & Smith (1971) have shown in liver homogenates a cytoplasmic 5'-nucleotidase with maximal activity at pH6.5. Close correspondence between the enzyme activities of bile, membranes and purified 5'-nucleotidase as a function of pH was found (Table  2) . Further correspondence between bile and membrane 5'-nucleotidase activity was indicated by comparing the effect on enzyme activities of a rabbit anti-(mouse plasma membrane) antiserum shown previously to inhibit membrane-bound and purified enzyme, but having no effect on other membrane enzymes and insulin binding (Gurd & Evans, 1974) . In summary, immune serum inhibited bile, serum and membrane 5'-nucleotidase activity by 100, 98 and 88 % respectively, although having no effect on alkaline phosphatase and phosphodiesterase activities of both bile and canalicular membranes. Table 2 also indicates that mouse bile and canalicular-membrane phosphodiesterase activities had similar pH-activity profiles, suggesting that the membrane and bile activities are due to the same enzyme.
In the second category, ATPase* activity was examined, since it is believed to be a lipid-dependent integral (intrinsic) membrane protein (Noguchi & Freed, 1971; Wheeler & Whittam, 1970) . No Mg2+-activated activity could be detected in rat or mouse bile. Since deoxycholic acid was shown to dissociate membrane proteins from lipids (Philippot, 1970) , the absence from bile ofATPase activity could be due to the removal of lipids and/or to protein denaturation caused by the bile acids. However, although preincubation of bile-canalicular membranes with 0.5 % deoxycholate completely abolished enzyme activity, preincubation of the membranes with various concentrations of rat bile for 5min before measuring enzyme activity for 10min in the presence of twofolddiluted rat bile lowered membrane ATPase specific activity by only 5 %. It was also shown by Simon & Arias (1973) that addition of taurocholate (1-5mM) or taurochenodeoxycholate (0.1-1 mM) stimulated slightly the activity of Mg2+-activated ATPase of a rat liver plasma-membrane fraction. It was therefore concluded that the lack of ATPase activity in bile indicated extremely low amounts of enzyme rather than the inhibition or denaturation of the enzyme by the bile salts.
In the third category, galactosyltransferase was selected as an example of an intracellular membranebound enzyme located in the Golgi apparatus and in secretory vesicles that appear to move exclusively to the blood-sinusoidal surface membrane (Biava, 1964 ). * Abbreviation: ATPase, adenosine triphosphatase.
Galactosyltransferase activity was measured in the blood-sinusoidal plasma-membrane subfraction and low activities were detected in the bile-canalicular subfraction. However, although present in serum, no galactosyltransferase activity was detected in bile (Table 1) . It is considered unlikely that galactosyltransferase is present but inactive in bile, because hexosyltransferases are, in general, not inhibited by low concentrations of detergents, including deoxycholate (Mookerjea & Yung, 1975) .
Comparison ofproteins and glycoproteins of bile and membranes
Polyacrylamide-gel electrophoresis indicated major differences between bile-canalicular proteins and bile proteins. Indeed, few, if any, of the bands corresponded (Fig. 1) . Bile collected from rats at various time-intervals after biliary cannulation was also examined to test whether prolonged ether anaesthesia weakened the interhepatocytic junctions (Goodenough & Revel, 1970), thus allowing mixing of blood and bile. Plate 1 shows that from 15min to 2h, the protein composition ofrat bile remained basically unchanged and the overall polypeptide profile was similar to that of mouse gall-bladder bile (Fig. 1) . 10-3 x Apparent molecular weight Fig. 1 . Polyacrylamide-gel-electrophoretic separation of polypeptides of (a) mouse liver plasma-membrane light subfraction (Evans, 1970) and (b) pooled mouse gall-bladder bile Electrophoresis was carried out as described in the Methods section and the numbered peaks correspond to the polypeptides of rat bile in Plate 1. 1976 The Biochemical Journal, Vol. 154, No. When stained for glycoproteins, approximately eight rat bile glycoproteins were detected; none of these co-electrophoresed with a, acid glycoprotein (Fig. 2) , a major glycoprotein secreted by liver that was shown not to migrate anomalously under these conditions (Glossman & Neville, 1971) .
Briefly, attempts were made to determine the origin of the major bile proteins. Although there are many reports of serum proteins being present in bile (see Hofmann & Small, 1967) no bands corresponded to serum albumin (Plate 1). However, immunodiffusion of mouse or rat bile against their corresponding antialbumin antisera showed cross-reactivity (not shown). Albumin in bile thus runs anomalously in polyacrylamide gels equilibrated in sodium dodecyl sulphate, as was previously shown by using starch-gel electrophoresis (Rawson, 1962) . Although bile glycoproteins were suggested to be associated with mucus (Bouchier & Freston, 1968) , there is some Fig. 2 . Polyacrylamide-gel-electrophoretic separation ofthe glycoproteins of (a) rat bile and (b) al acid glycoprotein The numbered peaks correspond to those of bile collected from 15 to 30min in Plate 1. Electrophoresis and gel staining were carried out as described in the Methods section.
correspondence between their apparent molecular weight on polyacrylamide gels, for example, bands 1 and 2 (Fig. 2) , and those determined for purified plasma-membrane glycoprotein enzymes. The question of the origin of other proteins in bile and whether they are specific to bile therefore still remains.
Comparison oflipid composition ofbile andmembranes
Lipids extracted from bile-canalicular membranes and bile were compared by t.l.c. The lipid composition of bile-canalicular membranes determined by an approximate method was generally similar to that of unfractionated plasma membranes (Ray et al., 1969) and differed from that of bile which, in agreement with previous reports (Nakayama & Blomstrand, 1961; Spitzer et al., 1964) , contained large amounts of phosphatidylcholine (Table 3 ) and cholesterol. However, trace amounts of phospholipids that were present in higher amounts in bile-canalicular membranes, relative to other hepatic membranes, were also found in bile, namely sphingomyelin, phosphatidylinositol and phosphatidylserine. The organizational disposition of liver plasma-membrane phospholipids in relation to the phospholipid bilayer is not known (Emmelot & van Hoeven, 1975) .
Discussion
The present results, by comparing the composition of a bile-canalicular membrane fraction and bile from rats and mice, indicate that little dissolution of membrane components into bile occurs in healthy animals. The major protein and phospholipid components of membrane and bile differed greatly, and therefore it appears unlikely that the bile-canalicular plasma membrane contributes substantially to bile composition. However, the results indicate that in addition to phosphatidylcholine, trace amounts of other phospholipids present in characteristically (Evans & Gurd, 1973; Evans et al., 1973b; Wacker, 1974) located at the outer surface of the hepatocyte plasma membrane (Trams & Lauter, 1974; Gurd & Evans, 1974; Evans, 1974; Farquhar et al., 1974) . Therefore, although the bile-canalicular plasma membrane appears to be largely refractory to the action of bile salts during their transport across the membrane, it is instructive to note that one category of enzyme activities present in bile probably derives from membrane ectoenzymes favourably located for direct removal into the canaliculi. The solubilizing action of detergents, including bile salts, on membranes occurs optimally at high concentrations, and it is likely that bile acids pass across the bile-canalicular membrane at concentrations well below those inducing the formation of mixed detergent-membrane lipid micelles that are a prerequisite for membrane solubilization (Helenius & Simons, 1975 (Pope & Cooperband, 1966) , and it may be hypothesized that this is a consequence of an accumulation of bile in the canaliculi leading to the extraction into bile of larger amounts of the above enzymes, principally from the outer surface of the bilecanalicular membrane but also into serum from the contiguous and sinusoidal areas as the bile permeates the interhepatocytic space. The absence of galactosyltransferase from bile agrees with the low activity of this enzyme at the bilecanalicular membrane. Galactosyltransferase is a predominantly Golgi-located membrane-bound enzyme (Bergeron etal., 1973a) functioning in glycosylation reactions, and the higher activities detected in the blood-sinusoidal plasma-membrane fraction was suggested to be due largely to contamination of this fraction by Golgi components (Wisher & Evans, 1975) . 5'-Nucleotidase was also detected on Golgi membranes (Farquhar et al., 1974) and it is likely that it is initially inserted into the hepatocyte surface membrane at the blood-sinusoidal face (Bergeron et al., 1973b) , whence it may move laterally in the plane of the membrane to the bile-canalicular membrane surface domain. This biosynthetic scheme argues that the enzymes present on both surface domains of the hepatocyte are identical, and thus direct loss of 5'-nucleotidase into serum from the blood sinusoidal surface can also occur as shown for sugar transferase enzymes (Kim et al., 1972) . Alterations in cholestasis to bile composition, and to the morphology of hepatocytes (Desmet, 1972) , are thus open to biochemical studies at the membrane level that should clarify further the role of components present at the various domains of the hepatocyte surface, especially the bile-canalicular membrane, in bile formation.
